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ear arv) ¢ e -GS SEATRORT

INTRODUCTTON

the performace 0 structural and achine parts under dynamic

Yoads L froquentiy awsociated wich repeated stress cveles ol hign
v . . . - L
coplitudes vy o ver A wide rangoe. This particularis applies to

parts of aiveoars s, chips, railwev enasiness and coaches, umotor wvehicles,
bridoes, g tracsacsston cables, ete,
Ropeatodd Lowds ave (mijor cause for the reduction in allow-

those listed for various static properties such

as viold stren.th, ultinate strencth, o

~
%]

e In thosc loadings . hu
sequence of varvin: load magnitudes occurs more or less in a random
manner,

The prediciion of fati.uc concerns with the estimation of the

tinme length that a material can serve the intended desizn functions
when subiccted to varying stress conditions. Due to the varicus pos-
sible stress patterns, it Jdoes not appear that fatigue life results

can be compiled for complex stress patterns similar te that accumulated

for pure sinosoidal stvess histories. This gives an indication that

54

tor complex stress histories a certain amount of analvsis must be rc-
sorted to in order to overcome the expected deficiency in test data
directly relating to particular histories.

In laboratories it is a standard practice to test the specimens
at constant load amplitudes and obtain a $-N curve. In the actual

situations the load of each part critical in fatigue varies a great




deal. To design the part which resists the service load using the s5-X

curve an equation was proposed v Palmoren and was Later roproposcd by
Miner (1). These are various other methods proposed, such as Grover's
theury (2), Marco Starkev's cheorv (3), Shanley's theory (4), Corten
Delan's theary {3), Freudenthal-ileller thcory (&), cte., but none of

these can be relied on to predict fatigue life with anv accuracy for

most of the commonly cncountered circumstances., The Miners thecry

[N
o]
©
]
o]
o

which is most comnonly used in majority of the applications

depend ¢n the previous historv >f the material eor its behavior in nmulti-

lovel loadin ., |
Based on these and other researchers' experimental and theo-

retical investigations and his own, Kramer (7,3) concluded that when

ss, the work hardening of metal is

(1}

subjected to stress-cvelic proc
confined to primarily the surface laver., With the increase in number

cf cveles and the stress amplitudes there is an increase in the surface

layer stress. As the fatigue damage accumulates the surface laver
stress reaches a critical value and a fatigue propagation crack is
formed independent of the stress amplitude leading to fatigue failurec. 7
He proposed that cumulative fatigue damage and cumulative fatigue life
can b described in terms of rate of increase in the strength of the

surface layer with the number of cycles. Since the critical surface

stress is constant for a particular metal it is only needed to de-
termine the contribution to the surface stress by cvecling at an applied

stress for a given number of c¢ycles and sum up the contributions until




»
»
tallure occurs.
Analyoing this arjunent, Krurer develeoped an equation fer pro-
Jictiny cunuiative tatisue damane, which s
. P:,L b pLo, 1
p v, o1 | -
R T R N + . =
ol oo . 370N -y K o
2 ; 2 d
N SN
—_ = - Ll
O
2L - v, '\Ehl .
witere £, = LN , = y oy — ) and so oun oare the
L - ! - - N , e
damace histories in the previous sinjes of stress-cveles
toading process, 4
Tlya e N [ e VAN TN T el s R
ne equation can SO0 Ju L.XplL.uLd g3
Pr, Py proL
P\q P\ ! - P ) 2 201
L Tyt VR S ~ \
N O N5 N
' 2 ' 53 2
which means that when the cumulative rfatigue damage for all the
stazes equals ene Failure will occur.
A detailed development of the equation is shown i Appendix D,
/4
‘
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SHAPTER T
INSTALLATICN AND CALTBRATION O FATICUE MACHINE 1
4
the Jdirect stress fatizue machines D3-20U and DS-o000C HLM '
we Jdesicned for testing in tension wmi/or conpression up toy oGl
and 0000 pounds of total load, respectivily, Each machine, zs
shawn in L, 1s equipped with 4 power base consisting 7 a r
one horse power variable speed drive otor, 1 conzrol cabinct, a
cwele counter, and 2 variable cccentric crank and connecting rel.
The dvnamic leading swstem includes 1 1oad frawme and the load Lever. 4

¢ne cnd of the load lever is pivetud in o parallelozram flexture

]

2

assembly which creates a straizhe line loading at the load stud
and the other end is attached to the varlable cccentric cranx,
Moeunted on the load tframe arce the hvdraulic load maeintoine

svstem and hvdraulic cvlinder. The uppoc load stud is attached ©

the hwvdraulic cvlinder, The load maintainer system includes load

sensing contact units mounted o the base on either side of the lo

lever and a solid state electronic contrel system in the control

(¢

cabinot, The pumping unit consists of twe continucusly running

piston pumps immersed in oil and driven by an eccentric on a single

phase constant speed motor, Each pump has a velief, ch.ck, and back

pressure valve controlled by a solenoid which is activated by the

load sensing units. These contact units will prevent the maximum

lcad




Ireom o Jdecreasing.,  Whon the lesd o the spocd

d lever will nake contact wilh tie

are
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will octivate the proper solenoid.  lhe i2linoic will activate

punp and send mure pressure te the si
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required to Increase or decre: the load. Tt

)
o
s
—
it
)

o stop the machine if the specimen Tuils ot the brdraulic

meintainer cannot kcep the load frow

dropping rapidly.

A fatigue rated strain gage vad trensducer fitosd to the upper
tead stud 1is used (o cead the Lo wd, The rraansducer can renaln on th

ire connected Y2 o4 ostrain ‘ndicater which 2

the load directly I pounds,

For calibrating the strain fudicater, the iz dis-
connected frun the variable crccentric crank, & load of I3 pounds is
appliad at the free end of the lecading arm and the strain indicator

is adjusted to read the load dircctl,  Additional ltads of 30 and 73
pounds, respectivaly, are applied to check the calibracion

Once calibrated, the machine is capable of perforning five

=]

different types of loading: zero t

. L}
tension,  'zerc to compressicn,

O

" ' "y

11 . . tt .
tension to tension, and tension to

compressicn to compression,'
compression,'
The cyclic load is applied by changing the throw on the variablce

eccentric I[rom zero throw through the rotation of the eccentric using

the manually wrenched pinnion drive. This change in the throw of the




ccentric wil? cau.e deflection ot e Lood dever and the deflection

(&)
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will be transmirtsed as load o the pecinen fthroteh The

e hvoras

1

cvelic load and mean load
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CHAPTER T1I

SPECIMEN PREPARATION

The fatigue specinmen designed for tne stigation Lo coowm

in Fizure 2., The threaded onds of the specimen were nade lung onouch
W, et

to accoemmedate locknuts to avoid slacweninoe at the srips. o gTip:

hWolding the specimens were custem Jesigned.  {he 1 onoth o2

cter ratio of the jauge section of the specimen wiee chocen ss 2l o

woeid buckling during compression,

111y machining the specinen, s pev the desiun

-
e
T
[¢s]
a1
(@}
i
4
L
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specifications, the zauge section was prepolizhed with grade o00 end

300 silicon carbide papers to reduce the teol marks and other surface

e

rrzegularities, This was followed b vlectropolishing to cbtain un

even surface finish,

The electropolishing device desiined for polishing the specinen

cr

is shown in Figures 3, %, and 5. The specimen itself is the anodc i
and 1s rotated by 1 motor at a predetermined specd. The cathode con-

of a 25-gauge stainless steel sheet bent cvlindrically to main-

[¥/]
-
','1
r
i

tain uniform distance between the anode and cathode. The stainless
steel sheat is placed in a glass container filled with electrolvte
which is a mixture of‘methanol, butyl cellosclve, and perchloric acid.
A magnetic stirrer was used to stir the electrolyte to maintain uni-

form strength throughout the electrolyte. The glass container was




© e e SO,

Tmmersed in an ice bath to maiavein the tesperature of the electro-
ivte at 15°C. A detailed procedure for «lectropolishing the spocinmen

is shown in Appendix £,

|
!
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CHAPTER TII :
EXPERIMENTAL PROCEDURE
]
After electropolishing, the specimen wus carefully emamined )

under a microscope for circumter¢ntial teol marks and stress risers.
The specimen was then placed In the machine grips by positioning the
upper load screw Ly meais of the nuts on either side of the piston,
Then, by changing the variable eccentric crank the reguired lcad
range was obtained., Then tased on the stress ratio conditiun for

“he test, the mean load was set,  The testing for each specimen was
done in four diffcrent stages. For the first stage through the third
aze the load set and the number of cycles applied at that particular
lToad was predetermined,  Ia the last (fourth) stage after setting the
load the test wis allowad to continue until the specimen failed.
Urder eaxch of the three difrferent stress ratios, i.e., R=-1, R=-(,3,

and R=0, tests were conducted with four different stro. s sequences:

T

(1) hish to low stress sequence, (1i) high to low mixed s .,.cuce,
(i11) low to hiazh stress sequence, and (iv) low t» high mixed stress
sequence.

Figure 9 (Appendix A) shows the stress cycling to obtain various

values of R.




CHAPTER IV
ANALYSIS OF DATA

To calculate the slope and the intercept on the vertical axis,
a statistical method was used with the S-N curve line cquaticn being

log = m.(logN) + logC.

X-~log N Y--log XY XZ
1 3,61273 4,62557 16,71117 13,0521%
2 3.90309 4,56591 17.82116 15,23411
3 +,05690 4,53865 18.28132 16,45844
4 4.31175 4,50623 19.42974 18.59116
L 5 4.63144 4,40015 20,65692 21.45020
6 4.36004 4,42011 21.52964 23,62874
7 4.911069 4.37791 21,50294 24,12470
3 5.16732 4.34502 22,45211 26,70120
9 5,48855 4,28212 23.50263 30,12413

2
n=29 EX = 40.94446 €Y = 40,13007 <XY = 151,88763 =X~ = 159, 36494

n. XY -~ £X,€Y
2 2
n.eX" - (€X)

_(9) (181,38763) - (40.94446) (40,13067)
- (9 (189,36494) - (40,94440)~

= -0,2206

1]

Therefore, slope (m)

2
£Y.eX” - eX,eXY
2 2
n.eX” -~ (eX)
(40.13067) (189.36494) - (40.94446) (181,88763)
2
(9) (189.,36494) - (40.94446)°

and intercept (logC)

= 5,4625

10
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Calculation of material constants p and

S S
P = - T T Toozloe C 40P

. . -1 ] -1l. . 4,753 e 24
and = (log C)F = (log 73.4625) 77 77 = 35,7745 U
Calculation of fatigue damage using Kramer's equation under

ccapletely reversed stress conditions where in the first three stages

of the testing the following maximum stress number of cycles were

1]

used: 9= 25000 Psi, Nl

T, = 30000 Psi, N,

20000 cycles

3000 cycles

il

a., = 35000 Psi, Ny 4000 cycles.

In the final stage, maximum stress of %3000 Psi was applied and
the test was allowed to run until the specimen railed. The specimen
failed after 2400 cycles (the calculations shown here are for specimen

2 in the low to high stress sequence).

N F 4,532
NLD ) ; P . M
Damage in the first stage = fl = l‘l - {20000/ (“Jle)ﬂq
s (5.7745) (10)~
= 0.305 f
1
. . . _ .y . P Pf i
Damage in the second stage = £, = N]:,l <:;£ ) 1 j
2 72 :
X / g 3}
_ (8000) (30090)4.433 <25116) (4.533) (0.305)
(5.7743) (10)=* V0%
= 0,216
N3 éP 7y PfZ o Pf2f
Damage in the third stage = f, = ~ <~—- ) ('—— =
3 5 o To s
3 2
4000 x (35063)4')33 (30090)4.533 x 0.216 (35116) 4,533 x 0.216 x 0.305 =
’) =4
5.7743 x 10_4 35063 30090

0.226.




Prediction of Fatigue Lirfe:

The following calculation shows the

cycles required to cause failure in the 1

f4=DF' afl+f2+f3) =1 - (0.3
=1 - 747
p _ Pfy  PESE
NQOQ (.2 /
£, = 3 = N k
' 4 3
0.253 = N, (1.0303 x 107
No. of cycles to failure N, 245

- Pf3 ] szf2 ‘ Pf3f
. N S 2 (
Damage in the fourth stage = f = 4_ ( fﬁ ) ( — > K ri )
N ' "4 ! 2
, 5 . 0.2 . .
2400 x (39789)4'333 35063 L.024 30099 21 « 25116 0.067 - 047
- 2 35Q¢ E) = L.es
5.7745 x 10 4 39789 5063 0090
Therefore, cumulative fatigue damage DF = fl + £, + f.j + f4

G.305 + 0.216 + 0.226 + 0.247

0.994,

prediction of the number of

ast (fourth) stage:

05 + 0.216 + 0.226)

0.253.

6 cycles.




CHAPTER V

DISCUSSION OF RESULTS

The fatigue strength vorsus fatigue life (S-N) curves plotted for
the stress ratios of -1, -0,5, and U, using thc test data shown in
Tables 1, 2, and 3, are shown in Figure 6. A statistical method was
used as shown in the analvsis to determine the slcopes of the curves.,
The constant life diagram shown in Figure 7 wos obtained using the S-N
curves,

Tables 4~7 show the cumulative fatigue data for the completelw
reversed stress conditions, R=-1, Table &4 shows the data for the low-
high stress sequence. For the specimens 1-6 the stress in the first
stage was 25 Ksi for 20000 cycles, 30 Ksi in the second stage for 3000
cycles, 35 Ksi for 4000 cycles in the third, and stressed until failure
of the specimens at 20 Ksi. For specimens 7-9 the stress sequence was
25 Ksi for 30000 cycles, 30 Ksi for 10000 cycles, 35 Ksi for 3000
cycles, and 40 Ksi until failure took place. For specimens 1C-12, the
stress pattern was 25 Ksi for 25000 cycles, 30 Ksi for L0000 cvcles,

35 Ksi for 5000 cvecles, and finally in the last stage 30 Rsi uatil
failure took place.

For specimens 13-15, the low to high stress sequence was 20 Ksi
for 35000 cycles, !5 Ksi for 30000 cycles, 30 Ksi for 15000 cycles, and

stressed at 35 Kui in the last stage until the specimens failed.,




In the low-high stress pattern, for all the specimens, it was
observed that there was a close agreemcnt between the experimental
and theoretical fatigue life values in the final (fourth) stage.

Table 5 shows the data for the low-high mixed stress sequence,
For the specimens 1-6 the stress applied was 25 Ksi for 20000 cycles,
increased to 35 Ksi for 4000 cycles, reduced to 30 Ksi for 3000
cycles, and finally stressed at 30 Ksi until failurc took place.

Similarly for specimens 7-9, it was 25 Ksi for 30CCC cycles,

35 Ksi for 3000 cycles, 30 Ksi for 10000 cycles, and 40 Ksi until the
specimen failed. For specimens 10-12, it was 25 Ksi for 25000 cycles,
35 Ksi for 5000 cycles, 30 Ksi for 11000 cycles, and 40 Ksi until
failure took place.

Forispecimens 13-15, the stress pattern was 20 Ksi for 35000

cycles, 30 Ksi for 15000 cycles, 25 Ksi for 25000 cycles, and stressed

o

at 35 Ksi in the fourth stage until failure took place. The specimen
16-18 were subjected to a stress sequence of 20 Ksi for 40000 cycles,
30 Ksi for 16000 cycles, 25 Ksi for 20000 cycles, and 35 Ksi in the
last stage until failure took place.

For the low-high mixed stress sequence it was observed that
there was a close agreement between the experimental and theorectical
values of fatigue life in the fourth stage.

Table 6 shows the data for the high-low stress sequence, For
specimens 1-6 a stress of 40 Ksi was applied for 1500 cvcles in the

first stage. Then the stress was decrecased to 35 Ksi for 4000 cycles,




15

and in the third stage it was further reduced to 50 Ksi for 80006 :sycles,
In the last staze the specimens were streossed unvil failure at 25 Hsi.
For specimens 7-9 the stress sequence was 40 Ksi for 2500 cveles, 25
Ksi for 6000 cycles, 30 Ksi for 15000 cveles, and finallv 25 Ksi until
failure took placc. TFor specimens 10-12, the stress sequence was 40
{si for 3000 cycles, 35 Ksi for 3000 cyctes, 30 Ksi for 20000 cveles,
and 15 Ksi until failure took place.

For specimens 13-15, in the first strage of testing & stress of
35 Ksi was applied for 5000 cvcles. In the second stage it was 30 Ksi

or 12000 cycles, the third staze 25 Ksi fer 25000 cycles, and in the

th

last stage at 20 Ksi they were stressed until failure. Likcwise, for
specimens 16-18 the scquencing was 25 Ksi for 4000 cyclus, 20 Ksl for
15000 cycles, 25 Ksi for 30000 cvcles, and in the last stage 20 Ksi
and were stressed until failure.

For all the specimens it was observed that bv testing at o high

stress initially and then gradually reducing the stress in each stage,

s

there was an increase in the fatigue life. It was also cbserved tha
the fatigue life, when stressed at 25 Ksi after initially stressing at
40 Ksi, 35 Ksi, and 30 Ksi, was about six times higher than the theo-
retical life at that stress.

Table 7 shows the data for the higzh-low mixed stress sequence.
In the high-low mixed stress sequence the specimens l1-6 were subjected
to a stress of 40 Ksi for 1500 cycles in the first stage. In the seccnd
stage the stress was reduced to 30 Ksi for 8000 cycles and in the third

stage the stress was increased to 35 Ksi for 4000 cvecles before finally




applving a stress of 25 Ksi whoere the specimens were stressed until
failure took place.

for specimens 7-9 the stress sequencing was 20 Kuoi for 3300
cveles, 30 Ksi for 90CC cvcles, 35 Ksi for 5000 cveles, and 25 Koi
until failure of the specimens toex pluce. For specimens 1y-12 it
was «0 Ksi for 3000 cycler, 30 Ksi for 11060 ceveles, 33 Ksi for JCOC
cycles, and in the last stage 22 Ksil until “oilure teok place.

For specimens 12-15 a different i 2iress sequence

was used,  In the first stace thoe saximum stross was 35 Kei for 3000

cveles and in the second stage it was decrcased to 25 Ksi for 13¢0u
cveles.  In the third stage the stress was increased to 30 Ksi for

30000 cycles, and in the last stage the stress was reduced to 20 Ksi

and the specimens were stressed until failure took place.

Azain, for il the specimens tested under high-low mixed stres
sequence it was observed that the fatijue life values obtained experi-
mentally werc much higher than these obtainsd theecreticilly,

From the laoles 6 and 7 it can be seen that thecretically for
ail the specimens 7-1& for the high-low stross scquence and spociaens

'=13 for the high-low mixed stTress sequence failure should have

occurred in the third stage itselrl.
Tables 10~19 show the cumulalive fatigue damage ond the total

number of cycles obtained theoreticallv using the Kramer equatiorn and
) E, q

also experimentallv., From thal, it can be observed that rfor the low-

hizh and low-high nixed stress sequences the predicted fatigue life

and the experinental tfatizue life are in complete agreement, whercas




for the high-low and high-low mixed stress sequences the predicted

fatigue life is very conservative when compared to the experimental

Tables 8-11 show the data for thc cumulative fatizue for the
stress ratioen of R=-0.3., Table 3 shows the data rfor hi
sequence.  In this sequence, for specimens 1 and . the maximum
stress applied was 40 Ksi for 4000 cveles in the first stage. In
the second stage stress was 35 Ksi for 3000 cycles, and in the third
stage it was 70 Ksi for 30000 cvcles, In the fourth stage the speci-
Nens were stressed until fuailure at 22 Ksi. For specimen: 3 and -
the stress sequence was 40 Ksi for 3000 cveles, 25 Ksi for 7C0UG cveles,
20 Ksi for 35000 cycles, and stressed until failure occurred at 23 Ksi,

Table 9 shows the data for high-low mixed stress sequence. For
specimens 1 and I, the sequence was 40 Ksi for 400C cveles, 30 Ksi
for 30000 cycles, 35 Ksi for 3000 cucles, and 25 Ksi until the speci-
failed. For specimens 3 and 4, the stress sequencing was 40 Ksi for
5000 cycles, 30 Ksi for 35000 cvcles, 35 Ksi for 7000 cycles, and in
the last stage stressed at 25 Ksi until failure occurred.

In both the high-low and high-low mixed stress sequences it was
observed that the fatigue life in the last stage was much higher ex-
perimentally than that obtained thecoretically. For specimens 3 and &
in both the high-low and high-low mixed stress sequences thecretically

failure should have occurred in the third stage whereas the specimens

failed eventuallv in the fourth stage.




Tabie 10 shows the data for low-iich stres: ceguence in which for
specimens l-3 1t wus 13 Ksi fovr oovLt cvelen in the fivst stege, 20 Kei
in the second for 20000 cwveles, 5% Ksl for U0 cveles in the third, an!
finally stroessed until “ailuve took place at 40 Ksi. In the case of
the specimens 1 and 2, the stress sequence was 22 Ksi for S0000 cyveles,
30 Ksi for 25000 cveles, in the second stage, and 12 Xgi in the third
stace,  Even though the specimens wers uot siressed unti! failure
cecurred, the specimens failed before reaching 1/3 of the theoretics

fatigue life st that particular stress, Similar cohservation was

made for specimens I and 3. For vpecimen 1, the pradicted life was

abeut 1 to 3 times more than the oxperimental value,

Table L1 shows the data for low-hizh mixed stress sequence whore
ne spesimens l-3 were subiected to a strass of 25 Ksi for (000 cveales
in the first stage, and 37 Ksi for 2000 cycles in the second stage.

ected to a stress of 30 Ksi

IS

In the third stage the specimens were subj
and even though thev werc not stressed until failure, the specimens
filleds  For the specimens & and 5, the same pattern was observed where in

fe ficst stage tho stress was 23 Ksi for 30000 cveles and in the second

cr
e

stage 35 Ksi for 2000 cycles., The specimens failed in the third stace
when subjected to a stress of 30 Ksi. For all the specinmens tested
under the low-high mixed strcss sequence, the *, 2oretical tatigue life

at 30 Ksi after being subjected to stresses of 25 Ksi and 35 Ksi in the
previous stages was nearly twice as much as that obtained experimentally,

Tables 20-23 show the cumulative fatigue damage using Kramer's

equation and the Miners cquation. They alss show the fatigue lifc

b ...




values ovbtained theorcricallv s well 28 experimentallv.,  Tiae theo-
retical fatigue life values o the high-low and the high-low mixed
stress sequences were obscrved to be verv conservative. The values

of the fatigue life for cthe low-hiih and the low-hioh mixed stress

sequences, theoretically, werc oo

cxperinentaliv,
Tables 12-15 show the data for cumulative Tatigue for the

-~ N N 1

stress ratio R=0. Tuble 12 shows the data ror high-low stress

were subjected to 4U Ksi for L2Iuld

cycles in the “irst

25000 ¢veles In the second
stage, 3u Ksi for 22000 cycles in the third stage, and finally stressed
until failure at 27 Ksi. Specimens 3 and 4 were subjected to stres=cs

of 40 Ksi for 20Ju0 cycles, 35 Ksi for 30000 cycles, 30 Ksi for <G00

For specimens 1 and 2, it was observed that the oxperimental

ati

Fty

guce life at 23 Ksi (final stage) was about twice the value obtained
theoretically. As for specimens 3 and 4, it was observed that the ex-
perimental fatigue life at 23 Ksi was about six times higher than the
theoretical value at the same stress.

Table 12 shows the data for high-low mixed stress sequence,
Specimens ! and 2 were stressed at 40 Ksi Ior 20000 cycles, 30 Ksi for
50000 cycles, 35 Ksi for 25000 cycles, and finally in the last stage 25
Ksi until Zailure occurred. For specimens 3 and <+, the stress was 40
Ksi for 23000 cycles, 30 Ksi for 40000 cvecles, 35 Ksi for 20000 cycles,

and 25 Ksi until failure occurred. For all the cpecimens, it was




shscerved thoet the oxpoerivonital tovloae Life wvaluo o % O el were wnolt

sevan wimes Dicher o than the Utheerotical viives,

the data Tor the Low-nioh 2ires3 ouenC:.  Speli-
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rhe same pattern was observed in the Fatlouc

e as tho

tn

2 for the low-nigh stress scaience., The exXperimontzl
values were about on=: and ane-hali tincs Richer than the theoretical
values,

Tables 24-27 show the cumulative fatigue damazs using Kramer's

equation and Miner's equation, They also show the predicted and ex-

o

perimental fatigue life values. Agzain, the samc observation was made




.ty :

as for the values for R=-1 nl R=-u.5, 1ho values obtained theorviicallw

for hizh-low and high-iow miNed 3Usess sequences wer. Very CORserva-
tive, wherzas the theorvetical values Zor lew-high and low-high mixed

stress seqQuUencus were in better agrecnent with the experimental fatizue




CHAPTER VI

CONCLUS LGS

From the fen of resulus It can Le concluded that the proe-

ioted fatisue failure values using Kramer's cunulative fatiz

cotaticn for the lew-high and lew-high mixed stress

complurely reversoed stress conditions, R=-1, ave in

~ith the oxperimental values, while the theoverical
tow and high-low mixed stress sequonces were very conservative as com-
parcd wich those obtained experimenvally,

For the low-hizh and low-hich mixed stress sequences under stress
ratio of B=-0.7, the cumulative fatizue damage values determined ex-
perimentally were westly in the rana: o 0030 - 0,96, From these re-
sults it can he concluded that the theoretical fatigue failure values
were in close apgreement with those obtained experimentally., For the
high-low and high-low nixed stress sequences, the experimental valucs
were in Che ranse 1,25 - 2.5, from which it can be concluded that the
thceoretical fati.ue railure values were very counservative,

The cxperimental values for the leow-high and low-high mixed
stress sequences under the stress ratio R=0 were in the range of 1.0c¢ -
1.16. Even though the experimental values in the final stage were
higher than the theoretical values, it can be concluded that cumula-

tive fatigue damawe predicted by Kramer's equation was in close

agreement with the experimental values, The experimental values for

I~
o




the high-low and high-low mixed stress sequences were in the range of

2,03 - 2,92 from which it can be concluded that th thecretical valucs
were very conservative,

From the data for high-low zand hizh-low mixed stress scquences
under the three stress ratios R=-1, R=-0.3, and R=y, it can be¢ corn-
cluded that cycling at a hizher stress initially and then reducing the
maximum stress applied in the subsequent stages incrcases the surface
layer stress, thereby increasing the fatisue life,

A further important conclusion which can be drawn is that the
accuracyv for predicting the cumulative fatigue damace depends on the
matcrial comstants P and ., Therefore, the accuracy of S-N curves

is very important for analyzing fatigue data using Kramer's equation,




CHAPTER VII
RECOMMENDATIONS
It is recommended that tests Le continued to senerate fatigue
data on various other alloys of practical use. Alsoe, the Kramer!

equation for predicting cunulative fatigue damaye be modificd so ar

to predict the damage for high-low amd high-low nmixed :stress sequence

more realistically.

24
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Fig. 4, Block Diagram for Electropolishing,
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EXPERIMENTAL DATA FOR

fagli ]

$-3% CURVE (R=-1)

o Hax. Stress No, of Cvcles to
) (PSI) Failurec
1 4230C 4100
2 26500 000
5 24000 11400
4 32100 20210
3 30800 34700
5] 28300 42800
7 26300 72600
3 23900 31600
9 22100 147000
10 19100 285000

TABLE 2

EXPERIMENTAL DATA FOR S-N CURVE (R=-X)

Yo Maex, Stress Y¥o. of Cycles to
’ (PSI) Failure
1 46000 6E00
2 42800 12300
3 41160 15560
4 38400 25500
5 35800 28200
6 31800 5950¢
7 29400 76600
8 24900 211000

-1
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TABLE 3

EXPERIMENTAL DATA FOR 5-N CURVE (R=0Q)

No.

Max, Stress

No. of Cycles to

(PSI) Failure (N)
1 47700 17000
2 44300 57000
3 44300 2550C
4 38360 72800
5 33800 101000
6 29800 270000
7 26900 340000
5 26900 640000
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CUMULATIVE FATIGUE DATA FOR LuUW-HIGH STRESS SEQUENCE (R=-1)

*Stage 4 - 40000 PSI

sy Stage 1 Stage < Stage 3
- 0. 25000 PSI 30000 PSI 315000 PSI Theoret- Experi-
ical mantal

1 20000 3000 4000 2397 1200

2 20000 3000 4000 2397 2400

3 20000 3000 4000 2397 2200

4 20000 3000 4000 2397 2100

5 20000 8000 <000 2297 2160

b 20000 3000 4000 2397 24C0

7. 3000¢ 10000 3000 13135 50u

3 g1 30000 10000 3000 1335 1160
—

9 g1 30000 10000 3000 1335 1500
&
Ui

10 S 25000 10000 5000 206 SO0
2]

11 H 25000 10000 5000 996 1200
fa)

12 g 25000 1C000 5000 4996 Loeo
z

20000 PsI 25000 PSI 30000 PSI 35000 P31

13 35000 30000 15000 1390 1700

14 25000 30000 15000 1390 1500

15 35000 30000 15000 1390 128006

16 40000 23000 16000 1373 1200

L7 40000 28000 16000 1373 1100

18 4000u 28000 16000 1373 350

*Specimen is stressed till failure in the 3th stage,
_ W




TABLE 5
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CUMULATIVE FATIGUE DATA FOR LOW-HIGH MIXED STRESS SEQUENCE (R=-1,

S No Stage 1 Stage 2 §t§5c 3 “Stage 4 - 40000 TSZ
- o 25000 PSI 30000 PSI 35000 PSI Theoret- | Expori-
ical mental
1 20000 4000 5000 2689 2700
2 20000 4000 3000 2689 2400
3 20000 4000 3000 2689, 3200
- 20000 2000 <000 2639 2200
5 20000 4000 5000 26539 2656
6 20000 4000 000 2629 2500
2
7 1 =] 30000 3000 10000 1161 1200
< | 31 30000 3000 10000 1161 200
9 | 3] 30000 3000 10000 1161 12400
o
10 | 3] 25000 5000 11000 452 B0y
11 | £] 2s0c0 5000 11000 462 G0
12 25000 5000 11000 462 105C
20000 PSI 30000 PST 25000 PST 35000 PSI
12 35000 15000 25000 132 200
La 35000 15000 25000 132 00
15 25000 15000 25000 132 360
16 40000 16000 20000 1551 500
17 40000 16000 20000 155! 1300
13 40000 16000 20000 1551 1630

“Specimen is stressed till failurc in

the 4th stage.
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CUMULATIVE FATICUE DATA FOR HIGH-LOW STRESS SEGUENCE (R=-1)

“*Stage 4 - 25000 PSI

5. No Stage 1 %tagc %' Stugt % N ‘ .
) . 40000 PSI 35000 PSI 20000 PST Theoret- Experi-
ical menital
1 1300 4000 5000 6923 56100
2 1500 4000 5000 0923 32700
3 1560 4000 5000 0923 44260
4 1500 <000 =000 H923 54900
) 1500 3000 SOU0 092l 5000
Y 15C¢0 +000 3000 0923 &7 C0G
wES a3 “Stage &
Theoruet- EXpPeTi- 25000 PSI
ical mental
N .'2 2500 6300 3720 15000 27000
3 Ei 2500 60C0 1720 15000 24300
3 % 2500 600C 3720 15000 25300
o
10 |3 3000 5000 3020 20000 20100
11 3000 5000 4020 20000 IRV
L2 3000 5000 4020 20060 19200
35000 PSI 30000 PsI 25000 PSI 20000 PBSI
13 5000 12000 3721 25000 36700
14 5000 12000 4721 25000 52260
LS 5000 12060 4721 23000 46000
16 4000 15000 49906 30000 23500
17 4000 15000 4996 30000 13000
13 4000 15000 4990 10000 37900

*Specimen is stressed till failure in 4th stage.

**Theoretically failure should have occurred in the

3rd stage.
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TABLE 7

CUMULATIVE FATIGUE DATA FOR HICGH-LOW MIXED STRESS SEQUENCE (R=-1)

*Stage 4 - 25000 PSI
<. Nol Stage 1 Stage 2 Stage 3 p
5. 00 40000 PSI 30000 PSI 35000 PSI Theoret- Experi- :
ical mental 1
1 1500 3000 4000 10659 73600 ;
2 1500 3000 4000 10959 71200
A
3 1500 3000 4000 10959 80000 ;
4 1500 3000 4000 10959 68000
5 1500 3000 4000 10959 72000
0 15C0 2000 -+000 10959 66900
L E
3
“RStage 3. 35000 PSI - .
>Stage & 1
- . 25000 ps1
Theoret- Experi-
ical mental
el
7 3 3500 5000 5te 5000 53C00
31 =] 3500 90C0 516 5000 | 47400
9 ; 3500 900Q 516 5000 55900
U
)
10 > 3000 11000 381 7000 45200
LL 3000 11000 381 7000 38500
12 3000 11000 381 7000 41100
35000 PS1 25116 PSI 30090 PSI 20142 pSI
13 5000 15000 3680 30000 29000 ]
la 5000 15000 8630 30000 34100
15 5000 15000 8630 30000 37300
16 4000 13000 19417 35000 22500
17. 4000 13000 19417 35000 26000
18 4000 18000 19417 35000 23400

*Specimen is stressed till failure in 4th stage,
**Theoretically failure should have occurred in the third stage.




TABLE 8

CUMULATIVE FATIGUE DATA FOR HIGH-LOW STRESS SEQUENCE (R=-0.5)

*Stage 4 - 25000 PSI
s, N Stage 1 Stage 2 Stage 2
- e 40000 PSI 33000 PSI 3000C PSI Thecret- | Experi-
ical mental
1 4060 3000 20000 £9350 5700
2 - 4000 3000 30000 5950 5370C
Y
ol
= Stage 5 - 30006 FST e )
= wotage
« . 2500CG PS:
" Theoret- Experi- g P
Y ical mental
—_
L\) -
S 5000 7000 31740 35000 37300
4 5000 7060 51740 1500C 60100 ;
1
i
i
TALLE 9 ]
CUMULATIVE FAIIGUE BDATA FOR HIGH-LOW (MIXED) STRESS SEQUENCE (R=-0,3)
*Stagze & -~ 25000 FsSI
3. Yo Stage 1 Srage 2 Staze 3
. NO. ), - - PR . - .
40000 PSI 30000 PST 15000 PSI Theoret- Experi-
ical mental
4000 30000 2000 166595 25900
2 4000 30009 3000 16095 SRl
2 **Stage 3 - 35000 PSIT
- Stage 4
2 Theoret- Experi- 25000 pSI
< ical :nental
w
3 <| 5000 35000 3530 7000 41300
4 &l 5000 - 35000 3530 7000 61600
*Specimen is stressed til failure in the 4th stage.
**Theoretically failure should have occurred in the¢ 2rd stage.
¢
- R e i
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TABLE 1U
CUMULATIVE FATICUE DATA FOR LOW-HIGH STRESS SEQUENCE (R=-0.5)
*Stage 4 - 40000 PSI
N Stage 1 Stage 2 Staue 3 4
0. 25000 PSI | 30000 PSI | 35000 PST Theorct- | Experi- }
ical mental
K
1 H0000 30000 3000 6104 2300 ‘
FStage 3 - 35000 PSI 1
E Theoret- Experi-
— ical nental
g L
> s b w0000 30C00 22392 5300
2| S| 60000 30000 22292 Qg ]
4 50000 35000 22913 10C
5 50000 35000 22013 L 7700
TABLE 11

CUMULATIVE FATIGUE DATA FOR LOW-HICH (MINSD) STRESS sH(UENCE

(R="O‘oi")

*Staze 3 - 30000 PSI
. Stave 1 Stage .
O 25000 pPST 35000 PSI Theoretical Experimental
1| = 00000 2000 43644 270C0
M)
A H00C0 3000 48654 7500
(=9
3] &1 6000 8000 S3HEH 22400
n
@
S 173 50000 9000 43315 1700
: >
51 ¢ 50000 9000 41235 RISt

*Specimen is stressed till failure in 4th stage.
**Specimen is not stressed till failure in this stage, even though
failure took place,




TABLE 1.

CUMULATIVE FATIGUE DATA FCR HIGH-LOW STRESS SEQUENCE (R=0)

*Stage 4 - 25000 PSI
N Stace 1 Stage . St
No. ; - VA . A o - .
+0J00 PSI 35000 PsI 3000 PRI Theoret- Experi-
ical mental
1 5 12000 25000 5C000 1+4610 223200
ot
2 = [RIIATN: 25000 oo 144610 2974600
< :
| -G a e
3 s U ERIINIY N 27363 152300
SO - EeIEY U | 27563 207TH00
Y
' |

TABLE 1:

CUMULATIVE FATIGUE DATA FOR HIGH-LOW MIXED STRESS SEQUENCE (R=0)

“*Stage < - 15000 PSI
No Stage 1 Stage 2 Stage 3
* +0000 PsI 30000 P31 35000 PSI Theoret- Experi-
ical mental
2 . .
L} .z 20000 50000 25000 42564 200300
2 o 20000 50000 25000 42564 234000
<
wy
312 25000 40000 20000 24777 291100
o
412 25000 40000 20000 24777 27nl00
“Specimen is stressed till failure in the 4th stage.




TABLE 14
CUMULATIVE FATIGUE DATA FOR LOW-HIGH STRESS SEQUENCE (R=uj
stage = 40000 P:1
N Stage 1 Stage 2 Stage 3
O 25000 Ps5I 20000 Pl 35000 POT Iheoret- Experi-
ical nental
1 - 150000 40000 20000 3isas 32300
U
2 2 150¢00 20000 200l ! 313448 F1TCO
=y
£z
3 ,_;, :OOOUO 43000 15({0(\ 2ax10 L9000
3
4 & 200000 5000 1500¢ 23812 L5800
[ABLE 15

CUMULATIVE FATICUE DATA FOR LOW-HIGH MIXED STRESS SEQUENCE (R=0)

*Stage & - 4000C PSI
o Stage 1 Stage 2 Stage 3
o 25000 PSI 35000 PSI 30000 PSI Theoret- Experi-
ical mental
= .
1 = 200000 25000 45000 2u531 73000
—
2 S 200000 25000 43000 29551 67100
b
%1
3 “ 150000 30000 40000 31021 674900
0
4 o> 150000 20000 40000 1621 595C0
*Specimen is stressed till failurce in the 4th stage,




LABLE oo

CUMULATIVE FATIGUE DAMAGE FOR LOW-IGH

STRES

[92]
.
2}
A
(gl
["}
5
=i

o D N

5. No. r F F F =

Rramer Miner Theoretical Experimental e
1 0,331 1.011 R 33300 T
2 C.994 1.137 34397 300 1,000
3 GL97T Lolls 34367 34200 U, i
4 0,963 1,111 34397 35100 U261
5 0,962 1.111 341397 24100 C.:61
S 0,994 1,187 35297 +400 L.l
T 0.911L 1.03s 44335 43500 C.G52
5 0,975 1.133 44335 54100 .05
3 1.018 1.1384 443353 ++5C0 1,004
Lo 0.971 1,145 4096 40700 J.98 3
Ll 1.020 1.203 40896 +1200 1.0G5
12 1.000 1.133 +0u8n 41000 L.uCe
13 1.000 Lo267 31%9Q 31700 IR
la 0,097 1,252 21390 31300 LBt
15 1.011 1.274 21390 31300 0.99v
15 1,00% 1.263 3537 35200 0,498

17 L.004 1..

e
w
!
o
w
[ IOV
I
v 2 L

7
U
-
<o
<

C.ou?

13 0.992 1.239 3537 34850 Q964
Dy = Cumulative fatigue damage = fl + f2 £, + f4'

|

Total number of cycles at failure.

Np (Theoretical) = Total number of avcles

equation (Equation 2),

at failure using Rrames




TABLE 1
COMULATIVE FATIGUR DAMAGE FOR LuW-H 00 MIXED L IRESS SESUENCE (R=-1)
. D ) )
3. No. F i F
NranieTr Miner Theoretical RS
! 1.0y 1,027 a0 59 14700 Louou
- o9 E 1.L5 3atsY 35400 Ve sl
R 1,50 LIRS SRNY: 35200 PR
-+ [ [ Lt 3L=00 L.CO:
: IR TLls0 Al by Cadot
. JEANIEY TSR IS 3z 0 .o
- Lodis 1,14 Sainl s U l.ouvl
: A 1,090 410l 43000 5,66
i 1,011 L.Lhe 44161 447300 1.000
o 1.022 1,200 41462 +luag 1.01C
Ll 1.Clo 1,105 41402 -1500 1.002
12 1.045 1,222 1462 +2C50 1.C1x
i’ 1,003 1.0509 B

()
—
[ (oS
[EST N
J ~
w [}
J o
[ <
o <
e
N
Q<
- O
FO

(i}
fu

1 1,021 1,123 s
L

. 006 1.096 751

I
s
1
v
L9
I
—
.
.
.

Lo 0,935 1,124 77551 76900 J.w0l
L 1,002 1.151 Y7551 TT300 n.a6”
13 1.ou7 1.175 7551 776550 L.utl

D, = Cumulative fatigue damagc =

Ng (Theoretical) = Total number of cycles at failure using Kramer's
equation (Equation 2).

F = Total number of cvcles at failure.
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FABLE 1o
CUMULATIVE FATIGUE JAMAGE FOR HICGH-LOW STRESS SEQUENCE (R=-1)
. N \Exp.}
> N F
5. No. DF DF F ¥ N {(Theo,)
Kramer Miner Theoretical Experimental “F ) '
1 L.960 1.501 20423 530600 I.114
2 1.5% 1.252 20w23 47200 20371
3 1.3.29 1.411 20423 57700 2,525
4 2,067 1.577 20423 68400 le 349
5 Z.003 1.529 204523 15500 3,207
$ L.Ral ) 2042 50500 2,960
- 2.716 .64 12200 50500 .13z
5 2,025 1.621 2200 48300 3,952
9 2,646 1.629 12200 488500 5,994
1& 2,359 1.717 12026 43100 +,000
11 R 1.679 12026 45600 3,792
12 2.31: 1,703 12020 47200 3.925
13 2,171 1. 300 21721 $1700 2,701
la 20370 1.430 21721 94200 4. 437
15 2,271 1.395 21721 33000 4,051
16 2,429 1,429 23996 77500 3,220
17 2,437 1.428 23996 30000 3,334
13 2,647 1,302 23996 36900 3.621
Dp = Cumulative fatigue damage = fl + f2 + f3 + fQ.

Total number of cycles at failure.

=z
rrj
H

NF (Theoretical) = Total number of cycles at failure using Kramer's
equation (Equation 2).




TABLE v

N (Exp. )
5. Yo. B P V7 V3 N‘.FET‘[ )
Krater dinev Theoretic gl porimental F -
1 20215 1,857 REISRLY <TLIOU Jabri
N 2,204 1.321 2w 2700 S.a03
3 RBRVINEY 1.954 2haln 104439 de271
4 20197 1.772 laase 213500 '.332
5 2,251 1.533 24450 35500 J.ubb
) 2,174 L.755 24459 30400 3287
B 2.566 1,39+ 13010 70300 3.41¢6
5 2,431 1,313 13016 54900 4,900
9 2,036 Lo 942 13016 73400 3.039
10 2,632 1,922 L4331 66200 +.503
11 2,449 L.>221 14331 50500 +.137
12 2.520 1.360 1431 62100 4,318
13 2,447 1.771 REYPIIY 79000 2,755
14 2,526 L.799 RRTIRIN 534100 2,932
15 2ou73 1.21° 21080 37300 3,044
15 2,540 1,387 32417 79900 2,465

17 2.

SIOR 1.904 32417 %3000 2.500
L3 2,563 1.390 32417 30400 2,430

Do = Cumulative fatigue damage = fl + fz + f3 + [

N, = Total number of cvecles at failure,

-+

NF (Theoretical) = Total number of cycles at failure using Kramer's
equation (Equation 2).




CUMULATIVE FATIGUR DAMAGE FOR HIGH-LOW

TABLE 20

om
Pl

55 SEQUENCE ¢

<

T

nW=-

n
[

.2

~:JF( Exr.)

S. Neo. DF DF :\‘F L\F N (T" - ‘)
Kramer Miner Theoretical Frporimental TE ot
1 1,402 1,003 +3495C 10G70o Z.ud7
K 1,132 0.%05 43930 66000 1, 34x
3 1.370 1.050 2750 24300 L9323y
4 1.539 L, 157 RNy 107100 Zohat
TABLE 1
‘CUMULATIVE FATICUE DAMAGE FOR HIGH-LOW MIXED STRESS SEQUENCE (R=-C.5)
. . N,fhng5=
$. No. Py Pr Np N L_I___T
Kramer Miner Theoretical Experimental Sphihec.
1 1.404 1,182 58695 12690 2,102
2 1.424 1.236 58695 13020 MY
3 1.311 1.072 43530 38500 2,033
4 1.426 1.164 43530 105600 2,445

e




TARLE 2

CUMULATIVE FAUIGUE DAMAGE FOK LUW-rilToH STRESS SHEQUENCE (R=-0,70)

. . N.lEwn, )
- D.. D N, e F .
S, No. It F ¥ F ---U_h , \
- . ey I3 . . - AR “ ¢ -
Kr amer Minor Theoretical Taperimontal
1 O.-1n J. 1L Tl 100 0. ST
N Do Ty U, 7Y LiZsa) EDIN0) et

3 0. 03 0.237 11

I~

362 17900 R

4 Uil Denls 107510 w1G0 I
5 G.704% 0,365 10791~ “.T00 Dot

TABLE 13

CUMULATIVE FATIGUE DAMAGE FOR LOW-HIGH MIXED STRESS SEQUENCI (R=-(,7)

’ N (Et(p.)
. ) D D N. N
5, No. ® F F F :"F(_”‘b——)_
Kramer Mincr Theoretical Experimental SphHRee.

L 0.7137 0, 206 116644 95000 Jonld
2 0,499 0,531 1lu644 75500 N,067

2 0.0v31 0.752 116644 20400 0,775

317 0.360 107355 92700 U,a0}

wn

o O
~J

£

vl

0,802 1071335 57200 Ou>ll




‘TABLE 24

w
(PN

CUMULATIVE FATIGUE DAMAGE FCR HIGH-LOW STRESS SEQUENCE (R=0)

AF(EXP.)

i >
S. No. DF DF NF JF E—YH;;;;—7

Kramer Miner Theoretical Experimental RN

1 1,444 1.186 231610 +70200 2,03

2. 1.471 1,206 231610 434900 2.094

3 1.-245 1.031 117593 249300 2,115

4 1.339 1,096 117893 297000 2,519

TABLE 15

CUMULATIVE FATIGUE DAMAGE

FOR HICGH-LOW MIXED STRESS SEQUENCE (R=0)

N (Exp.)

5. o O D r s % (Theo.]
Kramer Miver Theoretical Experimental 'F ‘
1 1.487 1.271 137564 401200 2,617
2 1,445 1,200 137564 379000 2,755
3 1.495 1.188 109777 376100 3.420
4 1,492 1.169 109777 361100 3.289




24
TABLE 206
CUMULATIVE FATIGUE DAMAGE FOR LOW-HIGH STRESS SEQUENCE (R=0)
]
.. D D N N Np(Exp.)
5. . ; ¥ : ¥ ¥(Theor ‘
Kramer Miner Theoretical Experimental F €O 1
1 1,233 1.5090 241848 262300 1.0%4
1
2 1.486 1.631 241843 271700 1,123 1
: |
3 1,354 l.as3 255812 309900 1.07C
G 1.286 1.407 238812 305900 1.059
i
p
A
TABLE 27 T
1
CUMULATIVE FATIGUE DAMAGE FOR LOW-HIGH MIXED STRESS SEQUENCE (R=0) ’
] N (Exp.)
5. No. Pp Pp Ng NF ————\,F(T, )
Kramer Miner Theoretical Experimental Nplieo.
1 1.686 2.114 299531 338000 1.162
2 1,532 1.912 299531 337100 1.125
3 1.536 1.887 251020 2879C0 1.147

4 1.559 1.916 251020 283500 1.153
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APPENDIX O
NOMENCLATURE

Cunulative fatigue damage

Cunulative fatigue damage using Kramer's cquation

(Equation 2)
Cumulative fatigue damage using Miner's equaticn
Fatigue damage prehistories

Slope of the 5-N curve which is in the forn

log Y = m.log X + log C
Number of cycles applied at cach stress

Total number or cycles at failure, obtained theo-

retically using Kramer's equation (Equation 2)

Total number of cycles to failure obtained experi-

mentally
. 1
Material constant = - ;
f

Minimum Stress
Maximunm Stress

Stress ratio =

Maximun Stress + Minimum Stress
2

Mean Stress =
Maximum stress applied at each stage of testing
Critical surface layer stress

Material constant

-1
Material constant = (log c)P

wn

gl




56
APPENDIX D
KRAMER'S WORK

I. R. Kramer conducted experiments on 2014-T6 aluminum alloy .nd
showed that while materials are subjected to fatigue cycles, the work
hardening of surface layer takes place 2and consequently the pro-
portional limit for the material is increased with increased number
of cycles. He defined this incrcase in proportional limit as the sur-
face layer strength (%). He further stated that when this surfacc
layer stress reached a critical value (cs*) the failure producing crack
propagated, He showed that US* is independent of the stress magnitude.
He also measure the ratio of No/NF to determine whether it varied

with stress amplitude, as shown in Figure 8, Hc¢ found that over the

stress range ewployed, this ratio was independent of the stress ampli-

tude,

= Number of cycles to initiate the propagating crack

= Number of cycles to failure

= A constant = 0,7 for aluminum

= Slope = dos/dN
= SN or
= SN
g
= 1?* = Fatigue damage to initiate a propagating crack,
s and the crack will be initiated when ecsilos“ =1,
N,
or . _i _
N 1

[¢]




]

The iucremental rate of change of surface streas -  at the first

stress level is piven by SI = . Alter N] cycles, the maximun
stress is incrcased to 0., and the incremental rate of change of suc-

2

face stress at this second level will be modified as

‘ 1
o~ Ll.
2 p
Sip T (s, ) 2 i
t 1
_PE, ]
‘ R Ty P
: - (T) 9y 4
- £
S.. 2 ]
Similarly, at the third level, 5. . = ( SO
i ’ Y UIIT Sy 3 1
pe, . p L2
~ 1 ug
Substituting for $ Zives S = —i-> 2 u P 4
11 3 III 3y oc P “3 3

5 Pflf

2 R P /
/ h( 2 ) - P
- QO 7.
\3, 2 5

) ‘fl -
\sl/sz) + ... R

I'-J

Q

and so on. Failure occurs when lel + NZS

2
whete the subscripts denote the consecutive changes in the alternating

stress amplitude. Trom the relation between d“g/dw and o he had shown

P . ; . .
that § = a0, So, substituting S = uop in the above equation, he ob-

tained
: P P 7 Pfl p o, ptZ 9y Pfol OS*
o PN, +o PN (= 3, =) (——) e = =2 =g
; 1M T 2(02) + 3N3(03 5, M a
f Dividing throughout by 8 he obtained
| <Py B S X P, PERE
: ! 2 2/°% 3 73792 o1
B + B T < B -7-— -O'— + ... = 1.
2 ) 2
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12.

13.

14,
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APPENDIX E

SPECIMEN PREPARATION

the specimen is to bLe machined as per the specifications in the
drawing.

The tool marks on the surfacc where the polishing is to be done
should be cleaned using the finest grade of silicon carbide sand-
paper.

The specimen should be heat-treated and tempered back to the pre-
machining metalurgical conditions of the metal used (2011-T3),
The surface to be polished should be washed with methanol znd
dried.

The specimen should be examined using a microscope for circum-
ferential scratches or tool marks on the surface to be polished.
If any scratches are found thev should be removed.

Attach the specimen to the shaft of the stirrer.

The electrolyte should be prepared by using 397 methanol, 35%
butyl cellosolve, and 6% perchloric acid.

The electrolyte temperature should be kept at 15°C,

Adjust the speed of the magnetic stirrer at 4.3,

Start the motor holding the specimen and the magnetic stirrer.
Care should be taken to see that the specimen rotates in the
direction opposite to that of the magnetic stirrer.

Immerse the specimen in the electrolvte, by raising the platforn.
until the surface which is to be polished is completely immersed.
Allow the specimen to cool in the electrolyte for 20 seconds,

Set the voltage at 15-20 volts (1.2 - 1.5 amps) and adjust the
timer for 2 minutes. Turn on the power to start the polishing.
At the end of 2 minutes, turn off the power and lower the plat-
form. Stop the motor and remove the specimen.

Rinse the specimen with hot water and methanol and dry it in the

air dryer,




i
i
!
i

3 F

16.

After drying, the cpeciuen

the microscope -t W0 X magni

irvecularitics are vemoved.

observed, the whol:s process

R IR REIAN

carcrfully cxamined under
ficarion to see LU all the suslace

If any dirregularities are still

shotild be repeated again scarting

If no irrecularitics are found, the specimen shouid be care-

fully wrapped In cotton and

storad in the Jdesicator,
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under variogus stress sequences.

Specimen profiler, heat treatient furnace and electro-
polishing apparatus were purchased and/or developed for speci-
men preparation.

Experimental data were generated using 2011-T3 aluminui
alloy specimens under stress ratios R=-1, R=-0.5, and R=0, for
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Analysis of the data has indicated that the predicted
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stress ratios as compared with those obtained experimentally,
whereas the theoretical values for high-low and high-Tlow mixed

stress sequences under all stress ratios were more conservative

than those obtained experiuentally.
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